It is generally difficult to assess the performance of an infrastructure with a substantially longer life span than economic models can handle, and the life cycle concepts in urban water systems are normally limited to single-asset projects. In order to explore the long-term impact of urban water infrastructure rehabilitation strategies, a life cycle approach for survival functions is suggested. A life cycle factor based on survival functions is introduced, which is a measuring value of the total expected service life of all pipes within a group of pipes. Another factor, termed the sustainability factor, is based on the relationship between the life cycle factor and a rehabilitation reference method, which makes it possible to correct the long-term performance of rehabilitation methods based on their expected service life provision. A case study presents the implications for investments in infrastructure rehabilitation when applying the sustainability factor in long-term planning, and shows the importance of considering the service life of rehabilitation methods when planning renewal interventions that minimize costs over their life cycles.
Introduction
The Norwegian Government has declared Norway to be a pioneering nation with regards to the implementation of sustainable development [1] . Maintaining sustainable development in infrastructure projects across the country will be one of the main components to achieve this objective in the long-term. One of the key components of moving towards sustainable management of the urban water pipe system is the evaluation and selection of sustainable rehabilitation interventions. This paper presents a method to facilitate utilities in selecting the most sustainable rehabilitation strategy for urban water piped systems where long-term impacts over the next century and beyond is taken into consideration. The method is based on a normalization of the lifetime expectancy of rehabilitation methods according to a reference method, which means that all rehabilitation strategies can be compared on equal grounds with no short-term preferential treatment.
The method presented in this paper is based on rehabilitation of piped systems. Piped systems are normally related to so-called legacy systems, which refers to the use of existing technological solutions used in urban water systems. The principle of Sustainable Urban Water Management (SUWM) is, therefore, discussed, where the overall idea is the transition from centralized to decentralized systems in all parts of the urban water system [2] , with the introduction of new technologies. Marlow et al. [2] promoted an approach going forward that combines the use of existing legacy technologies and new 
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Slagstad and Brattebo [15] states that, although the concept of LCA has been used in the water sector for some time, there is a lack of studies focusing on the urban water system as a whole. They list three central publications on system wide LCA, none of which look at system-wide rehabilitation. The LCA assessment published in Slagstad and Brattebo [15] focuses on the life cycle environmental impact of the operation of the urban water systems, and not the construction. Recent literature show that sustainability research in the water sector focuses mostly on the topics of operation and maintenance of the urban water systems [16] [17] [18] , or it focuses purely on environmental impacts (instead of overall sustainability) [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] . Some studies look specifically at the life cycle performance of different pipe materials [29, 30] or renovation methods [31] where the goal is to quantify the environmental impact of the products. Vahidi et al. [30] calculates unit values for sustainability impact of four different pipe materials across the phases of production, transportation, installation, and maintenance. In such cases the main focus is the material, so rehabilitation work and the lifetime distribution of the systems are neglected. The literature is quite comprehensive on these issues of LCA, but there are deviations from this form of analyses, although not being the norm. One such paper is the study on sustainability criteria for urban infrastructure systems by Shaley et al. [8] , where indicators are suggested across the three sustainability dimensions. In Venkatesh et al. [32] the construction of the wastewater system is considered to an extent (renovation methods), although the focus is also here only on the environmental impact. Beheshti and Saegrov [28] analysed the sustainability of different strategic interventions in the wastewater system, looking specifically at indicators of emission, energy consumption, costs, treatment need, and total asset stock length. The paper assesses the overall sustainability of interventions, but does so on a system level scale (grand strategic directions for the wastewater system) where the purpose is not to review different rehabilitation strategies. The most relevant paper the authors have been able to find on the subject matter is one published by Herz and Lipkow [33] , which use survival functions to calculate rehabilitation needs and looks at the mass and energy flow of water and sewer pipes through their production and construction, operation, and later renovation. The paper presents an overview of the relative impact of construction vs. operation, but does not consider the different lifetime expectancies of no-dig methods vs. replacement. No-dig, therefore, performs quite well in the emission calculations in the paper. The social aspect of sustainability is not considered in the study, and neither is the sustainability performance of different rehabilitation approaches and strategies.
No-dig methods are often considered to perform better than replacement, sustainability-wise. The problem with this conclusion occurs in cases where the service life of the no-dig method is considerably shorter than the service life of the replacement method. Such cases occur for example when a utility must decide between replacing a pipe or renovating it with a liner. In Norway, a liner is expected to have about 50% of the expected service life of the replacement technology [34] while, in Germany, some renovation methods are expected to have an even shorter service life [35] . In sustainability assessments, the expected service life of the assets is often considered an indicator of its performance. However, since the lifetime of an asset is directly affecting most of the other indicators, expected service life should instead be considered as a 'governing factor' for other sustainability indicators. This paper addresses that problem by presenting the 'life cycle factor' to define a 'sustainability factor' for each rehabilitation method. The sustainability factor is a normalized measure of the accumulated lifetime expectancy of all pipe within a cohort. The objective of the sustainability factor is to correct indicator values used in sustainability analyses, thus, adjusting their final values according to the service life that a method can deliver. This is done by weighing of the indicator values with the SF factor for the relevant strategy. A normal approach in LCA analyses is to use the expected lifetime of technologies as weighing in order to differentiate between the different lifetimes and their impacts on sustainability. The problem arises, however, when defining the expected lifetime. By using an average expected lifetime of a cohort, it would lead to a misrepresentation of reality, as asserted in Renaud et al. [4] . As stated in Section 1.1, and in Renaud et al. [4] , pipes Sustainability 2018, 10, 1987 5 of 30 are renewed for a range of different reasons. Survival functions presents this range of lifetimes, and the method proposed in this paper, therefore, represents a statistically reasonable distribution of actual lifetimes.
The implementation of the sustainability factor makes it possible to compare rehabilitation methods and strategies irrelevant of their expected lifetimes and service life distributions, which leads to a more fair comparison of their long-term sustainability performance. Although the work by Stokes and Horvath [36] focuses solely on energy use and emissions, they conclude that such an analysis without the life cycle concept in mind can significantly underestimate the sustainability impacts. We try to base our procedure on the same reason of thought. That is why the overall objective of the paper is to link the strategic asset management approach with the sustainability concept of life cycles.
Integrated Rehabilitation Approaches
Whether the coordination of rehabilitation between different infrastructures is cost effective and sustainable or not has been a central topic of discussion in the water sector for quite some time. The approach of coordinating infrastructure rehabilitation is often called an integrated rehabilitation approach, where the objective is to optimize the rehabilitation. Rinaldi [37] looked into the idea, concept, and implications of interdependency between infrastructures. He described interdependencies, such as time and geographic scales, ripple effects, economy/business policy, and social aspects, and grouped interdependency models into six broad categories. Recent literature has expanded and improved interdependency modelling, and there are a variation of literature looking into different approaches to handle and model the integrated management of infrastructures. Tscheikner-Gratl et al. [38] propose using a street priority model where data on sewers, water pipes, roads, and surrounding areas were used to prioritize streets for rehabilitation. The approach uses the technical design life of the components in the prioritization process and are, thus, based on average lifetimes for pipes. As discussed by Renaud et al. [4] , this might distort results. The same street priority approach was applied to a case study of a small utility in Tscheikner-Gratl et al. [34] . The case study suggests a street section rehabilitation plan based on the individual needs of sewer pipes, water pipes and roads. The paper states that dominant data availability for one infrastructure (sewer, in this case) can result in it being a main driver for rehabilitation. Osman [39] looks into the types of interdependencies of infrastructures and proposes a methods for single systems based on risk, level of service and life cycle costs. The model considers the benefits vs. trade-off between delaying or bringing forward rehabilitation of all parts of co-located infrastructure systems. Carey and Lueke [40] suggests using an evolutionary genetic algorithm to present five year capital investment plans. Their case study shows that savings and superior rehabilitation and maintenance can be achieved by coordinating rehabilitation instead of going the traditional route of producing and carrying out independent infrastructure rehabilitation plans. The common denominator of this literature is that integrated rehabilitation is approached from a bottom up tactical viewpoint. However, Tscheikner-Gratl [41] applies a top down approach by using a cohort survival model to model pipe deterioration on network level. Survival curves are referenced as 'transition curves', as they present a limit between acceptable and unacceptable conditions of sewer pipes. This model is then further coupled with a priority model in order to identify rehabilitation projects.
On a network scale we are proponents of the concept of survival functions and have, therefore, based our approach on the combination of several survival functions for rehabilitation of pipes and roads in order to model integrated rehabilitation. Our approach is, therefore, a top down approach meant to be used for identifying sustainable strategic decisions and not for identifying rehabilitation projects.
Definition of Concepts
In order to facilitate readability and understanding of the paper, we have summarized the definitions of the most relevant concepts and terminology in Table 1 . 
Coordination of rehabilitation
Coordinating renewal of a water pipe with the renewal of a wastewater pipe can be beneficial due to the sharing of expenses and halving of time and resource use. Coordination means that an adjacent pipe in the same trench is changed independent of its condition. Renewal can also be coordinated with roadworks. Long-term coordination is calculated by merging survival functions for each method (for example, merging functions for water pipes with functions for sewer pipes).
Survival function
A survival function defines, at each future time step, the 'survival' (given in percent of the original cohort length) of a given cohort. Survival is defined as 'still in operation'. A survival function also represents the expected service life of all pipes within the boundaries of a cohort.
Herz function
The Herz function is a type of survival function that is used in cohort survival models. It is based on the survival of cohorts and calculates the probability that the age T of a pipe will be higher than the time t. The mathematical function is defined by its a, b, and c parameters, as shown in Section 2 and Equation (3). The Herz function has the shape of a survival function, as shown in Figure 1 , and gives at any future time step (x-axis) the amount (%) of pipes still in operation (y-axis). This amount of pipes in operation = 1 − amount of pipes that have been rehabilitated. The Herz function was originally designed by Herz [7] in 1996, and is explained in full detail in Bruaset et al. [42] .
LCF
An LCF, a life cycle factor, is based on the integral of the Herz function of a certain rehabilitation approach or rehabilitation method (e.g., a given no-dig method). The LCF is a representation of the total time-area of a method, which is the accumulated expected service life of all pipes within a cohort. The LCF is defined with Equation (3). SF SF, the sustainability factor, compares and normalizes the LCF value (for all rehabilitation methods) to the LCF value of a 'reference method'. The reference method is the best available technology with longest expected lifetime. The SF is basically the value that the survival function of a rehabilitation method will have to be multiplied with in order to cover the same area as the survival function of the Reference Method.
Rehabilitation method
Defined as a single individual rehabilitation technology. A technology can be a new pipe, or a certain no-dig technology that is used to renew existing urban water assets.
Rehabilitation approach
Represents normal rehabilitation practice in the water utility. A practice can be to plan the renewal of water and wastewater pipes in collaboration with other infrastructure authorities, such as the road authorities. Such collaboration is done to split costs and reduce social and environmental impact.
Rehabilitation strategy
A strategy is a way of implementing rehabilitation methods and approaches in the rehabilitation works. A strategy can, therefore, be a combination of different methods and approaches, where the share between them can vary in unlimited fashion. 
Method
According to Figure 1 , the life cycle of a rehabilitation method starts at time t = t 0 , which is the time when the method is implemented in the network. This time also represents the inception of the survival function and the service provision of a specific rehabilitation method. The survival functions of the method ends at time t = t 3 or t 4 , depending on the selected method. This is the conclusion of the service provision provided by the method, meaning when all of the pipes have been renewed again. At that point in time, the cycle for the rehabilitation method is complete. A survival function, therefore, represents a journey for the rehabilitation method from its cradle to its grave, which coincide with the life cycle concept. We, therefore, argue that the life cycle of a cohort can be defined by its survival function.
For some rehabilitation methods (e.g., non-structural no-dig), a second renewal phase (which represents the time when the rehabilitated pipes must be renewed again) occurs much earlier than for other methods (e.g., replacement). For the methods with shorter life cycles, a secondary investment in renewal will have to be implemented after 20-30 years. In Figure 1 we can see this rehabilitation need occurring halfway between t 0 and t 1 . For the reference method, this secondary investment occurs much later, after t 1 . The choice of rehabilitation method will, therefore, specifically affects the renewal and investment needs that future generations will have to cope with. To include this aspect in the assessment of the sustainability of rehabilitation methods is essential. If the sustainability of strategies are compared over a period of 30 to 50 years (which is the norm in long-term planning), all or most of this second renewal phase is left out. In Figure 1 this normal long-term projection period is defined by the time between t 0 and t 1 . This is the projection window that utility managers normally work within in long-term planning. As the main activity of rehabilitation work happens between t 1 and t 2 , which is the period that is covering the largest area of the survival functions, the managers lose a great deal of information necessary to make decisions that are cost-effective and sustainable over the life cycles of the methods.
As different rehabilitation methods have varying impact on sustainability over their lifetime, an analysis should, therefore, allow for the impact of strategies over their entire life cycles, as defined by the survival functions of the methods. The factor of service lifetime to govern the size of other indicators is implemented through the life cycle factor (LCF). A LCF for each rehabilitation method is based on the integral of its Herz function (defined in Table 1 ), as defined by Equations (1) and (2) . By calculating its integral, the area below the Herz function which represents the total expected service lifetime of the cohort as a function of all its pipes, is used to describe its LCF:
where LCF = Life cycle factor REFM = Reference method RM = Rehabilitation method S (REFM) = survival function for the reference rehabilitation method, which is the method with the longest expected lifetime. This is normally replacement. See Figure 1 and Table 2 .
S (RM) = survival function for the specific rehabilitation method that is analysed (see Figure 1 ). t 1 , t 3 , and t 4 are values that are related to Figure 1 as they represent different specific times in the future. t 0 is the present time, representing the start of the implementation of a rehabilitation method, when existing pipes in the network is renewed with a chosen method. According to Figure 1 , rehabilitation of an existing cohort in the network, represented by S(original cohort), starts at t 0 . T 3 represents the time in the future when all pipes of a rehabilitation method have been renewed a second time. t 4 represents the time in the future when all pipes of the reference method have been The survival function which is needed to calculate the LCF is given by the Herz function with data for the relevant rehabilitation method. The t 3 and t 4 values for the rehabilitation and reference methods are given by the point where the survival function moves towards infinity. The LCF for a rehabilitation method will, therefore, more specifically be as given by Equation (3):
The equation within the brackets is the definition of the Herz function when time t is greater than c. When time t moves towards infinity, the function moves towards 0. The a, b, and c values are defined as the follows:
a: the intensity of the ageing process after first rehabilitation. b: the final failure rate of the oldest and most durable pipes. c: the resistance factor, which is the time until the first rehabilitation. The method then relies on a normalization of rehabilitation methods to each other, based on the expected lifetime of the method expressed through its LCF. The comparison of the calculated LCF of each rehabilitation method to the LCF of the reference method results in a sustainability factor (SF) for each method, which can be used in sustainability assessments of rehabilitation methods and strategies to adjust the sustainability according to expected service life provision of the given method. The SF is calculated as defined by Equation (4):
The SF normalizes rehabilitation methods according to the reference method and can take into consideration the impact of all indicators over the life cycle of a cohort. This will be illustrated with a case study later in the paper. Figure 1 illustrates the survival functions which are the basis to calculate the LCF and the SF values. The figure is, therefore, an example of how to understand the methodology and its benefits. The LCF is the area below the survival function curves, representing the time-area that a rehabilitation method covers, while the SF is the value that S(RM) will have to be multiplied with in order to cover the same area as S(REFM). Time t 0 represents the present time and the implementation of a selected rehabilitation method. In this case, this implies the rehabilitation of S(original cohort) with either S(RM) or S(REFM). The implementation of a rehabilitation method is illustrated with the vertical blue arrow. From then on, the original cohort will be rehabilitated with the selected method all the way until it reaches time t 2 , which illustrates the milestone when all pipes in the original cohort have been replaced.
Which rehabilitation method to implement is the challenge of the utility manager. From the figure we can see that the S(REFM) has a substantially longer lifetime expectancy, and thus a larger LCF, than the S(RM). A research question should, therefore, revolve around the potential impact on sustainability or costs by choosing the best available method, the reference method, vs. the implementation of an inferior method, e.g., a non-structural no-dig method. The lower unit costs and the reduced environmental impact of the non-structural method can then be weighed against its substantially shorter lifetime expectancy. The case study of this paper answers this research question for costs for a given case study city.
Anything before t 0 is the past, while anything afterwards is the future. The original cohort in this illustrative case is imagined to be 40 years old, and from the survival function S(original cohort) we can see that the first rehabilitation was done about 25 years ago. The first incline of the survival function illustrates this first rehabilitation. These values are given as examples for illustrative purposes and are not used in the analysis.
Time t 1 is the normal projection period applied in long-term planning of water utilities, which is up to 50 years. Time t 2 represents the end of the original survival function S(original cohort), the cohort which is being replaced, while t 3 and t 4 represent the same for the rehabilitation and reference methods. The meaning of the time horizons will be discussed more extensively in the Discussion section, where we look at the benefit of looking at the 'distant long-term projection' period vs. looking only at the time interval of the 'Normal long-term projection' period.
As an example on how to use the figure and the method, we describe a short example. Figure 1 is an example of two possible directions on how to rehabilitate a 40 year old cohort of pipes. The first pipes of this original cohort, named S(original cohort), was built around 40 years ago. The oldest pipes of the cohort is, therefore, 40 years, and the cohort are already in need of renewal. The first pipes in the cohort were rehabilitated about 25 years ago. In the figure there are two choices: either rehabilitate the existing cohort with a no-dig method with an expected service life given by the function S(RM), or rehabilitate it with replacement with an expected service life given by the function S(REFM). When assessing the two possibilities, a normal projection period is up to 50 years into the future, correlating to the area between t 0 and t 1 . This period only deals with small portions of the impact of the two rehabilitation approaches. The main impact of the approaches can be found in the second time period, the 'intermediate state', and for the reference method the impact can be seen lasting long into the 'distant' period. In this example, we will not be able to fully calculate the cost of a rehabilitation method by only looking at the 'normal' projection period. Within the 'normal' time period both of the rehabilitation approaches are fairly new and have not resulted in any secondary costs (costs caused by the method itself in need of renewal). However, when we reach the 'intermediate' period, both of the approaches bring about massive secondary costs due to a secondary renewal need (which means that the renewal method itself is in need of renewal). This whole secondary cost aspect is more or less lost in the 'normal' projection approach. As we can see that the S(RM) is in need of a secondary renewal long before S(RM), the difference in impact on costs between these two methods is substantial. The idea of the SF factor is that it will take the varying degree of service life expectancy of the methods into consideration, giving the user a tool to assess life cycle values without having to calculate life cycle costs and without having to perform life cycle analyses for each approach and each method.
Summary of Method
As a summary of the method and how SF factors can be built and used, we have constructed a flow chart that explains the process step-by-step (see Figure 2 ). It gives the reader and overview of the proposed process. Steps 1-4 show the process described in the Method chapter, while Step 5 is the process shown in the case study in Section 4.
As a summary of the method and how SF factors can be built and used, we have constructed a flow chart that explains the process step-by-step (see Figure 2) . It gives the reader and overview of the proposed process. Steps 1-4 show the process described in the Method chapter, while Step 5 is the process shown in the case study in Section 4. 
Results
The first step to calculate LCF and SF values for the rehabilitation methods was to define the most relevant rehabilitation methods and their respective survival functions. In order to build a Herz survival function, three percentiles of survival of each cohort was defined. These are lifetime predictions for 100%, 50%, and 10% survival of the cohorts. A study was performed in order to define the survival functions for different rehabilitation methods and approaches in the Norwegian water sector. The data used in this paper to create survival functions is, therefore, based on data specific for Norwegian conditions. A thorough description of this process and its data is found in Rygg [43] . After the survival function was defined for each specific rehabilitation method, a LCF and SF was 
The first step to calculate LCF and SF values for the rehabilitation methods was to define the most relevant rehabilitation methods and their respective survival functions. In order to build a Herz survival function, three percentiles of survival of each cohort was defined. These are lifetime predictions for 100%, 50%, and 10% survival of the cohorts. A study was performed in order to define the survival functions for different rehabilitation methods and approaches in the Norwegian water sector. The data used in this paper to create survival functions is, therefore, based on data specific for Norwegian conditions. A thorough description of this process and its data is found in Rygg [43] . After the survival function was defined for each specific rehabilitation method, a LCF and SF was calculated based on the procedure described in Section 3. The software CARE-W LTP [44] was used to define the Herz functions for the rehabilitation methods, based on the 100, 50, and 10 percentiles found from the Norwegian study. The 100, 50, and 10 percentiles were imported into the program in order to define the a, b, and c values of the Herz function. The Herz function (defined in Equation (3)), was then used to calculate the LCF value for the rehabilitation methods. Equation (3) was used for this purpose. Furthermore, Equation (4) was used to calculate the SF values of the rehabilitation methods. We decided to look specifically at four different rehabilitation methods (1-4) plus two rehabilitation approaches (5-6). They are the following:
No-dig-non-structural 2.
No-dig-semi-structural
Coordinated replacement of sewer and water pipes 6.
Coordinated replacement of water and sewer pipes with roads
The reason for looking at these six situations is that they cover the most utilized rehabilitation approaches currently used in Norwegian water utilities. Rehabilitation method 4, replacement of pipes, was defined as the reference method since it has the highest defined survival function. The method includes digging and replacing old pipes with new pipes of materials like PE and ductile iron pipes for drinking water, and materials like PE and concrete pipes for sewer. Methods 1-3 are variations of no-dig methods applied in drinking water pipes. Method 1, the non-structural method, is based on the application of epoxy on the inside of pipes to avoid further corrosion. The semi-structural no-dig method is based on the insertion of a liner within an existing pipe in order to improve its structural strength and hydraulic capacity. The structural method represents the use of no-dig methods within existing pipes that have full structural integrity on its own. Insertion of a PE pipe within an existing pipe is an example of a structural no-dig method.
We consider methods 5 and 6 to be approaches to rehabilitation since they combine methods and also incorporate other infrastructure in order to reduce overall costs and the sustainability impact. For the simplicity of the paper, we refer to all six of them as rehabilitation approaches from now on. Rehabilitation approach 5 means that a water pipe is replaced every time a wastewater pipe is replaced, and vice versa. This means that 'adjacent sewer and water pipes are systematically replaced together when any of the two pipes has reached an unacceptable deterioration level' [45] (p. 3). The theory of combining the survival function of sewer pipes with the survival function of water pipes as a way of modelling coordinated rehabilitation is given in Pericault et al. [45] . In the coordinated rehabilitation we have assumed 50% dependent and 50% independent rehabilitation. Dependent rehabilitation is defined as a case where the deterioration of the water and wastewater pipe in the same trench is dependent and, therefore, more or less have the same deterioration level, while independent rehabilitation is the opposite. Being dependent means that the deterioration of the water pipe is caused by the same reasons as deterioration of the wastewater pipe [45] . An example of this is poor execution of trench work which mechanically affects both pipes, especially during winter time with frost heave. When the deterioration is not dependent, it means that deterioration of the water and sewer pipes are caused by two non-relatable reasons. An example of this is corrosion on a water pipe of ductile iron, which does not affect a wastewater pipe of PE. We use a split combination of the two approaches since we believe both of the situations to occur in a real network. Since we do not know the distribution of the split, we assume the split is evenly between the dependent and independent situation. As per Pericault et al. [45] , the survival functions for dependent (Equation (5)) and independent (Equation (6)) situations are defined by the following equations:
where: Ssw(t) = Combined survival function for water and sewer pipes. Ss(t) = Survival function for sewer pipes. Sw(t) = Survival function for water pipes. In practical terms, Equation (5) states that the coordinated survival function when the condition of the pipes are dependent will always follows the path of the minimum of the two functions. It means that the water and sewer pipes condition will develop along the same line of survival. However, when the condition is not dependent, the coordinated survival function is a product of the two singular functions. Survival of the coordinated system at time t requires that both the sewer and the water pipe is in functional state at time t. According to Pericault et al. [45] , the probability of the coordinated system survival can, therefore, be expressed as the product between Ss(t) and Sw(t). Rehabilitation approach 6, 'replacement coordination with roads', means that rehabilitation of the water and sewer pipes are done simultaneously with rehabilitation of roads. In this instance, rehabilitation of the pipes are always made in conjunction with roadwork preceding the coordinated survival function of the water and sewer pipes in order to maintain service levels, thus cutting short the useful life of the pipes. The survival function of roads are based on Nordic numbers [46] . An average survival function for roads in Trondheim was found by calculating an average value for a representative selection of roads in the city for the average annual daily traffic. The survival of roads is defined as the time to need for re-paving of the road. Theories for combining the survival function of coordinated replacement of pipes with the survival function of roads are found in Rygg [43] and Pericault et al. [45] . The theory of Pericault et al. [45] states that survival functions for roads can also be built on something referred to as dependent or independent theories, which states that the lifetime of a road is dependent on its preceding lifetime, or that it is independent on its preceding lifetime. In this paper, we assume that survival functions are based on the dependent theory, based on the fact that rehabilitation intervals for roads in Norway are based mainly on their average annual daily traffic number.
Results-LCF and SF Values
Based on a study of past Norwegian rehabilitation projects, literature study about pipe deterioration in Norway and the theory supporting the combination of survival functions (see discussion in the introduction of Section 3) for coordination projects, survival functions could be defined for each rehabilitation approach (numbers 1-6) based on Norwegian conditions [43] . These survival functions can be described by the, b and c values of the Herz function, see Section 3 and Table 2 . Equations (1)-(4) were then used to calculate the individual LCF and SF values, which are presented in Table 2 . A rehabilitation approach with a survival function that covers a large amount of area has a high LCF factor and a low SF factor. From Table 2 , it can, for example, be seen that the non-structural no-dig method will have to be multiplied with 2.39 in order to achieve the same level of LCF factor (and cover the same area) as given for the reference method.
Case Study
We decided to test the impact of applying the SF factor for different rehabilitation approaches in a Norwegian case study. The objective of the case study was to show the application of the SF factor and how it can affect long-term costs of different rehabilitation strategies. The city selected for the case study was Trondheim, which is a city in the middle of Norway with a population of about 190,000 people. We also decided to focus on the drinking water network with a total length of 791 km and an average age of 42 years. The idea was to assess the total cost of seven different rehabilitation strategies over an analysis period of 15 years. Norwegian water utilities make master plans that normally span a period of 10 to 15 years. They calculate rehabilitation and investment needs over the master plan period. This is why 15 years was selected as the analysis period in the case study.
We decided to assess the total cost of seven different rehabilitation strategies, based on different combinations of the six rehabilitation approaches presented in Section 3. These seven rehabilitation approaches are presented along with results in Section 4.3. We had two considerations to make:
A.
As a water utility, what will the strategy cost us the next 15 years? B.
B. In a life cycle perspective, what will the impact of the strategy be on economic sustainability, measured against the cost over the 15 years?
There will always be need for a balance between available budget for rehabilitation and the impact on long-term sustainability. By implementing the SF factor into the cost calculations, it makes it possible for utility managers to see the long-term impact of their investment decisions, and not just the impact within the planning period. The SF factor adjusts the expected cost of a rehabilitation strategy based on the expected economic impact a strategy will have during its life cycle. It is, therefore, a tool to assess the balance between available budgets and long-term sustainability.
Assumptions and Simplifications
We had to make some assumptions about background data in the study, which will be described in this section. Below, we describe the necessary assumptions made generally, when calculating coordination of water and sewer pipe renewal, when calculating coordination of water pipe, sewer pipe and road renewal, and when calculating costs.
Generally
We made the following general assumptions as basis for our calculations: -When using no-dig, we assume a split between the use of structural and non-structural methods of 50/50, which means that the SF factor for no-dig will be a combination of the SF factor for the two methods. -
The strategies of 'coordination of water and sewer' and 'coordination of water, sewer, and roads' are based on the assumption that water and sewer pipes in a common trench are of more or less the same age. This means that cases where one of the pipes has been replaced or renovated (or both at different times), is not applicable for the suggested coordination calculation without adapting the coordinated survival functions based on the expected deviation in age between water and sewer pipes. The reason for this is that the survival function for the coordinated renewal is based on the assumption that the water and sewer pipes are of the same age. The approach is robust enough to handle variations and difference in age to a certain degree. Pipes in the same trench are, therefore, assumed to be of more or less the same age. This assumption is to some extent supported by the data of Trondheim, as water pipes and old types of sewer pipes have almost identical average lifetimes. This supports the idea that on a network level the pipes are more or less of the same age, which also means that a lot of the water and sewer pipes in trenches share the same age. New sewer systems are built with other kind of pipes (split systems for sewer and storm water), and there have been very little renewal of these systems thus far. These pipes and the water pipes in the same trench are, therefore, most of the time of the same age. This further supports our assumption that water and sewer pipes are to a certain degree of the same age.
Coordination of water and sewer pipes
When calculating the strategy of coordinating renewal of water and sewer pipes we made the following assumptions:
In Norway, water and sewer pipes are placed in the same trench. This might give a higher benefit for coordination compared to other countries where this is not the case. For the condition of water and sewer pipes, we assume a 50% dependent and a 50% independent distribution of pipes in the same trench. See Pericault et al. [45] for the distribution theory. -
The cost is split in two, as they are shared by the water and the sewer pipe. -A rehabilitation is triggered by a water or a sewer pipe in need of renewal. The parallel water/sewer pipe is rehabilitated at the same time, independent of its condition.
Coordination of water, sewer, and roads
When calculating the strategy of coordinating renewal of water pipes, sewer pipes, and roads we made the following assumptions:
The rehabilitation of pipes is planned against a preceding road renewal which to a certain degree coincide with the water and sewer coordination curve. Optimal coordination between water, sewer and roads would imply that water and sewer pipes renewal are coordinated with the closest renewal curve for roads. Since optimal coordination between water, sewer, and roads are too optimistic in a real world case, we have assumed that the water and sewer pipes renewal can be coordinated against the second to last road renewal (instead of the last). -We assume that the lifetime of a road is dependent on its preceding lifetime. This is the norm in Norwegian road management when planning renewal intervals. -Cost associated with the laying of new road surface is neglected and set to 0. Costs related to the production and laying of new road surfaces are taken by the road management.
Costs
In the modelling, we made the following assumptions about cost calculations: -A 2.5% inflation rate is assumed for the cost calculations, based on an average inflation rate in Norway for the past 20 years of approximately 2.5%. -A 4% discount rate is assumed for the cost calculation based on a recommendation from the Norwegian Department of Finances concerning social economic analyses. -Coordinated work will lead to the need for a larger trench. This increase is assumed to be about 40%. The 40% increase in trench work for coordinated renewal (coordination of water + sewer, and coordination of water + sewer + roads) increases the cost for the trench work with 40%. -Coordinated work will lead to more tear up of old asphalt. This increase is assumed to be about 20%. The 20% increase in road work for coordinated renewal increases the costs for the road work with 20%. This is only relatable to the coordination of water and sewer pipes strategy.
The cost numbers are calculated based on data that we have received from the municipality of Trondheim. The cost data that we received was the following: -Unit costs for replacement and no-dig in city centres; -Unit costs for replacement and no-dig outside of city centres.
We made an analysis on the amount of pipes within city centres vs. the amount of pipes outside of city centres. In order to do this we had to divide the city into two zones, depending on the density of industry, shops, and residents.
The split of rehabilitation costs between pipes, trench work, and road renewal.
This information was used to calculate the different unit costs for the strategies of 'replacement', 'coordination of water and sewer', and 'coordination of water, sewer, and roads'
The cost for coordinated renewal of water and sewer pipes was found by doubling pipe costs, increasing trench costs by 40%, and increasing road costs by 20%. The total unit cost was then split in half due to the cost distribution between the water pipe and the sewer pipe. The cost for coordinated renewal of water, sewer and road was found by doubling pipe costs, increasing trench cost by 40%, and neglecting road cost since it is covered by the road management. The cost for the laying of a new road surface is shifted from the sewer/water infrastructure to the road infrastructure. Final unit cost was found by splitting the cost in two due to the cost distribution.
Data
In order to calculate the necessary annual rehabilitation need of the network of Trondheim for the next 15 years, we had to define a survival function for the existing network, as represented by the S(Original cohort) in Figure 1 . Each of the rehabilitation strategies were then defined by their own survival function, as represented by the S(rehabilitation method) in Figure 1 . This function would then be used to renew the pipes within the S(original cohort). For the network of Trondheim, the S(original cohort) would consist of seven different survival functions fitted to homogeneous groups of pipes. These seven groups of pipes and their parameters are presented in Table 3 . In Table 4 , we can find the 100%, 50%, and 10% survival of the same cohorts. The division of the cohorts and the values in Table 4 were determined based on discussions between the utility managers and scientific researchers, and data analysis of pipe failures and failure rates. These values were the input values for the calculation of future rehabilitation need with the program CARE-W LTP [45] . See Herz [47] for detailed information on the use of this program for long-term rehabilitation and investment planning. The life time expectancy values in Table 4 were used together with the stock data of the drinking water network in Trondheim to calculate the annual future rehabilitation need for the next 15 years. The S(original cohort) was made up of the seven cohorts with different survival functions. In order to calculate the investment need for rehabilitating the existing network, we needed unit costs (per meter) for the different rehabilitation methods relevant for the municipality of Trondheim. Assumptions as given in Section 4.1 was used to calculate unit values. These values are given in Table 5 . As already stated, we divided the network in the city into two zones based on density of shops, residents and industry. The zones and their sizes were based on a geographical analysis based on two steps:
1.
Division of the city on a map based density of shops, residents and industry. The city was here divided into several smaller zones.
2.
An assessment of the size of each of the zones was done by implementing small squares in the map in order to quantify the area of each zone. The size of each zone was found by counting and accumulating the number of squares within the specific zone. Its relative size was then found by comparing this accumulated number to the total accumulated squares in the whole city. We then calculated different unit costs related to rehabilitation in each zone since it is more costly to renew pipes in city centres and densely populated areas than elsewhere. An average unit cost for each rehabilitation approach was calculated by multiplying the relative size of each zone with its associated unit cost, and adding the numbers together for the two zones.
This unit costs would represent an average for the city. We calculated an average unit cost for four rehabilitation approaches. The rehabilitation approach of 'no-dig' was based on a 50% divide between non-structural and structural, as stated in Section 4.1.
Analysis Approach and Results
The following seven rehabilitation strategies were considered in the case study:
90% replacement + 10% no-dig: Replacement is the preferred approach. No-dig is only used when necessary, in difficult situations, and replacement is not applicable.
2.
70% replacement + 30% no-dig: Replacement is the preferred approach, but no-dig is used more extensively as it reduces short-term costs and impacts.
3. 50% replacement + 50% no-dig: A high degree of no-dig is applied due to its short-term benefits, also in places where pipes are easily replaced. 4.
100% coordinated replacement of water and sewer pipes: replacement is the preferred approach, and since renewal is coordinated between water and wastewater pipes, no amount of no-dig is applied 5.
100% coordinated replacement of water and sewer pipes with renewal of roads: replacement is the preferred approach, and coordination with roads is prioritized in order to reduce overall costs and impacts. 6.
30% no-dig + 70% coordinated replacement of water and sewer pipes: Coordinated replacement is the preferred approach, but no-dig is used more extensively as it reduces short-term costs and impacts. 7.
50% no-dig + 50% coordinated replacement of water and sewer pipes with renewal of roads: A high degree of no-dig is applied due to its short-term benefits and low costs, also in places where pipes are easily replaced. Total coordination is preferred during replacement in order to further cut costs.
The strategies are based on different rehabilitation approaches, or combinations of them. See Section 3 and Table 2 for closer description. The rehabilitation approach of 'replacement' used in the strategies is the 'reference method' in Table 2 . As stated in the assumptions, the use of no-dig method in the case study was based on a 50% use of non-structural no-dig (ranked as number 5 in Table 2 ), and 50% use of structural no-dig (ranked as number 3 in Table 2 ). The SF value for this combined 'no-dig' method was calculated to be 1.795 ((2.39 + 1.2)/2 = 1.795, see Table 2 ) Variations of combinations of the rehabilitation approaches of 'replacement' and 'no-dig' were used in Strategies 1-3, while 'no-dig' was combined with coordination approaches in Strategies 6 and 7. Strategy 4 is based solely on rehabilitation approach number five. This method is ranked as number two in Table 2 . Strategy number 5 is based solely on rehabilitation approach six, which is ranked as number four in Table 2 .
When calculating the total investment cost for a given strategy over the 15 year analysis period, the following formula was used:
TIC of given strategy
where:
TIC of a given strategy = Total Investment Cost based on strategy 1 to 7. 1.025 = annual inflation rate of 2.5%. 1.04 = annual discount rate of 4%. R i = the rehabilitation need calculated for year i (1) up until year n (15) . These data are given in Table 6 , column 2 (km/year).
% of X/Y = percent of the selected rehabilitation approach used in the strategy. This share is given in the list of rehabilitation strategies above.
C u X/C u Y = cost to renew one meter of pipe with the given rehabilitation approach, as defined in Table 5 , here named X and Y.
SF X /SF Y = the SF factor value given for the selected rehabilitation approach, here named X and Y. Values are given in Table 2 .
The calculation with Equation (7) is done from year 1 up until the final year in the analysis period, year n. For the case study the year n is year 15. The inclusion of the SF factor in Equation (7) ensures that the investment cost of the rehabilitation approach is governed by its expected service life provision and is, thus, related to economic impact through its life cycle. Total costs where SF is included show the cost for the planned rehabilitation plus the estimated inflicted costs on future generations due to the rehabilitation plan. This helps to avoid giving an advantage to methods with low initial cost, but with short service provision expectancy. Annual rehabilitation need was calculated in CARE-W LTP by using the stock pipe data of Trondheim and the survival functions defined in Table 4 . Using Equation (7) we then calculated the TIC of each of the seven strategies based on column 2 of Table 6 and the SF factors given in Table 2 . These results are given in Table 7 . First in Table 7 , the 'Total cost' for a strategy is given without the inclusion of the SF factor. This is done so we can view the difference between including it and not including it. In the 'SF-corrected cost' the rehabilitation approaches are corrected for the SF factor, as given by Equation (7). We can see that the difference between the 'total cost' and the 'SF-corrected cost' increases when the amount of no-dig is increased, and when coordination is preferred over no coordination.
Strategy 1, where replacement is the preferred approach, scores worst both with and without the inclusion of the SF factor and, thus, have the highest total investment cost over the analysis period, also when considering the impact this investment will have on the long-term cost sustainability. Using replacement without finding any means to reduce costs or impacts, for example through coordination works, is a strategy that should be avoided whenever possible due its high investment cost and high sustainability impact. The results of Strategy 4 and Strategy 5 show the benefits of combining the replacement of a water pipe with the replacement of a wastewater pipe, and when possible, replacing the pipes when roadwork is being done by the road authorities. The more rehabilitation work can be coordinated between infrastructure departments, the higher the economic benefit of a utility. This shows that although the service life of pipes is less optimized and less utilized when coordination work is initiated, as evidenced by the reduced survival functions in Pericault et al. [45] , the reduced unit cost weighs up for this and more. A combination of coordination work and use of no-dig where necessary is generally recommended based on the results. Looking at total cost over the analysis period, Strategy 7 scores best with a 47.8% lower investment need over the 15 year period. However, taking the SF factor into consideration, the long-term weakness of the no-dig method comes into play and strategy 5 scores best. By implementing Strategy 5, the utility can save about 22.7% of the SF-corrected score during the 15 years, compared to Strategy 2, which is a normal approach in Norwegian cities. This relates to about 17.1 million € saved in the master plan period when also considering the impact a chosen strategy has on its life cycle cost. This is quite substantial, especially considering that the city is rather small in global terms. Finding the right kind of strategy in a life cycle perspective can, therefore, increase economic sustainability and reduce the negative impact of rehabilitation. At the same time it is possible to have a balance and a trade-off consideration between actual costs and future inflicted costs of a strategy, making utility engineers more capable of making good long-term decisions based on life cycle principles.
Looking only at current costs, Strategy 7 is best, but when considering the impact a strategy has over its expected life cycle, Strategy 5 scores best. In the beginning of Section 4 where we defined the case study, we specified two considerations we had for the best performing strategy. Consideration A specified the actual cost over the analysis period. Looking only at this consideration, we identify Strategy 7 as the best. However, it is desired to take economical sustainability into consideration by looking at life cycle impact, as specified in Consideration B. Hence, Strategy 5 is actually the best-performing strategy.
Increasing the percent of no-dig used in rehabilitation will reduce SF-corrected costs by about 5% (for 30% use of no-dig) or 10% (for 50% use of no-dig). This shows us that, generally speaking, one could reduce SF-corrected costs by about 5% per 20% increase in the use of no-dig. This could be a rule of thumb in the utility when looking exclusively at using replacement vs. no-dig, where no coordination is considered.
Discussion
The main findings of the paper is presented in Table 2 , which presents the ranking of the rehabilitation approaches based on their SF value. We have called the area the survival functions cover as the time-area, since the curves represent the total expected lifetime of all pipes within a cohort. The higher this time-area is, the higher the accumulated expected lifetime of the pipes in the cohort. The time-area is calculated with the integral of the survival functions, in this case the Herz functions, and is represented by the factor we call LCF. The LCF is, therefore, a measure of the time-area of a rehabilitation approach, and comprises the cycle of the approach from its inception and implementation to its death by renewal. The time-area concept is illustrated in Figure 3a . The SF factor compares the LCF value of the approaches to the best performing approach, the so-called reference method. The SF states the value that a given rehabilitation approach will have to be multiplied with in order to achieve the same time-area as the reference method. This is illustrated in Figure 3b . In theory, it means that applying a non-structural no-dig method in rehabilitation, a single pipe would have to be rehabilitated 2.39 times on average before a pipe renewed with the reference method were in need of a renewal. A pipe which has already been renewed with no-dig will in most cases not be renewed with no-dig the next time, so the SF number is just used as a theoretical number to compare the life cycle performance of the rehabilitation approaches. We are of the opinion that the SF number 'corrects' the performance of a rehabilitation approach according to its expected lifetime, and paves the way for a fairer comparison of different strategies for renewal. The approach facilitates that methods that have a low investment cost, but also a short expected lifetime, will not be favoured for its low investment cost without also being punished for its short lifetime. Unexpectedly, the coordination of renewal of water and sewer pipes scores quite well in the SF measuring, being rated as the second best rehabilitation approach with an SF of 1.13. Structural no-dig and coordination of water, sewer, and roads also score well with SF numbers below 1.3. When looking at semi-structural and non-structural, the SF falls down to 2.53 and 2.39, showing that the life cycle of these approaches are significantly less than the others.
cases not be renewed with no-dig the next time, so the SF number is just used as a theoretical number to compare the life cycle performance of the rehabilitation approaches. We are of the opinion that the SF number 'corrects' the performance of a rehabilitation approach according to its expected lifetime, and paves the way for a fairer comparison of different strategies for renewal. The approach facilitates that methods that have a low investment cost, but also a short expected lifetime, will not be favoured for its low investment cost without also being punished for its short lifetime. Unexpectedly, the coordination of renewal of water and sewer pipes scores quite well in the SF measuring, being rated as the second best rehabilitation approach with an SF of 1.13. Structural no-dig and coordination of water, sewer, and roads also score well with SF numbers below 1.3. When looking at semi-structural and non-structural, the SF falls down to 2.53 and 2.39, showing that the life cycle of these approaches are significantly less than the others. To further make a case for the application of the suggested life cycle thinking in sustainability assessments, we focus on the implications of sustainability indicators when looking at a limited time horizon. Figure 1 illustrates how an existing cohort can be renewed by methods with different service lives as illustrated by the survival functions S(t). The figure gives an example on how a 40 year old existing cohort (S(Original cohort)) can be renewed by the best available replacement method (S(reference method) or another rehabilitation approach, e.g., renovation (S(rehabilitation method). Although the service life of the methods differ, the service provision of both extend into the time horizon defined as the 'distant long-term projection', which coincides with a time interval of 150 to 250 years (see also Table 8 ). Table 8 , which is a closer description of the time horizons indicated in Figure 1 , identifies what kind of central economic key performance indicators (KPI) which can be fully evaluated within the different time horizons (we only look at economic indicators to limit the discussion). The purpose is to show for how long the implementation of a certain rehabilitation approach will affect the KPI. By looking at a 'normal long-term projection' time horizon, as defined in Table 8 , most of the impacts on the KPI will be 'censored', meaning that there will be impacts on the indicators well beyond that time period. What that basically means is that a chosen rehabilitation strategy will have some form of impact on cost, on social factors and on environmental factors also after 50 years. These impacts, in a normal projection period, will not be analysed and we will, therefore, not know the full extent of either the benefits or the negative impacts of a strategy. Since these long-term benefits and impacts will not be known, we say that they are 'censored'. For example, in a normal long-term projection the total cost of a rehabilitation approach can be estimated within the time interval (30-50 years), but from Figure 1 we see that costs from rehabilitation for both the rehabilitation and reference methods will occur long past 50 years and into the 'distant long-term projection' period. In this case, there are costs and social and environmental impacts associated with the methods that occur after 50 years. By the normal standard of long-term analysis time horizons (30-50 years), the costs and impacts beyond the 50 year mark will not be analysed and, thus, not known. In reality it means that we do not know which strategy is the most sustainable, or even the most cost-effective, across the life cycle of the strategy. This shows the importance of performing sustainability analyses that include the distant long-term projection horizon, especially if it is desired to look at whole life cycle impacts, costs, benefits, and consequences for future generations. The major benefit of the approach is, therefore, that it takes into account the whole life cycle value of an investment, with the subsequent advantages that there is no 'censoring' of future benefits or disadvantages. By that, we mean that we can calculate long-term benefits and disadvantages over the life cycle of strategies and use them as basis for taking decisions, whereas in normal analyses, these parameters will be analysed only 30 to 50 years into the future. What happens beyond that 30 to 50 year period is, in this case, 'censored'. A challenge of looking into the distant long-term projection is the increased uncertainty. The cohort sustainability factor (SF) solves these challenges by comparing strategies on the basis of current conditions and external state of things and, at the same time, being corrected for the expected service lifetime provision. Marlow et al. [9] report that the existing deterioration of urban water systems common in many countries have been caused by a focus on short-term management and short-term benefits. The inclusion of the SF factor in the calculations forces a utility to incorporate life cycle thinking in investment planning, and reduces the focus on short-term benefits. A preferred method will have to perform well in combination with both the short-term costs (15 years investment) and the life cycle costs (the SF factor). In order to illustrate the effect of the main findings of the paper, as presented in Table 2 , we initiated a case study with the intention of applying the SF factors in real life rehabilitation planning. The case study looked specifically at the investment cost of rehabilitation strategies over an analysis period, and correlated that cost to the life cycle performance of the strategy. The results of the case study, as depicted in Table 7 , show the overall benefits of the no-dig method, which, aside from the low installation costs, has practical benefits, like easy to install properties, low short-term costs and impacts, and being better suited for use in busy and crowded areas. Strategies with no-dig performs well in spite of being corrected for the SF factor. However, if a much higher degree of non-or semi-structural no-dig methods were to be used, the no-dig method as a whole would yield a lower score due to the high SF factor of these methods. The inclusion of some form of coordination work in the replacement strategy contributes to a high degree of reduction in SF-corrected costs, especially when renewal is coordinated with road renewal. A whole 16.3% reduction in costs can be achieved with Strategy 5 compared to using replacement with 50% no-dig (Strategy 3), and when correcting the long-term performance with the SF factor this reduction increases to 17.5%. When comparing Strategy 5 to Strategy 1, which is the worst-performing strategy, the difference becomes even greater, at 27.3%.
In this paper, coordination practices were modelled by merging survival functions for different infrastructures through coordination theory. The literature study presented other approaches for modelling integrated rehabilitation between infrastructures. As concluded, most of these approaches are generated towards the tactical asset management level focusing on a bottom up approach and looking at short-term effects of coordinating infrastructure rehabilitation. This is in contrast to the method presented in this paper, which focuses on the strategic asset management level and the long-term effects that can be garnered over the life cycle of the rehabilitation approaches. The work by Tscheikner-Gratl [41] does, however, apply a top down approach by using a cohort survival model to model pipe deterioration on network level. The deterioration modelling results are used to identify annual rehabilitation needs. These results are, furthermore, specified on pipe levels with a priority model in order to identify rehabilitation projects. In the end it is, therefore, a model that assesses and selects the most suitable coordination projects in the short-term. It, therefore, does not view rehabilitation strategies in a life cycle perspective in order to assess the impact of coordination as a strategic decision for the network as a whole. On this basis, we do believe that the approach presented in this paper contribute to the current state of the art, by providing utility managers a tool to calculate the overall cost and sustainability for current and future generations, of implementing different strategic decisions on a network level.
In reality, it is not reasonable to assume that all urban water pipe replacements can be coordinated with roads. However, what this case study shows is that a high degree of such coordination is recommended. Even Strategy 4, which coordinates water and wastewater pipe replacement, scores better than Strategies 1-3 on all accounts when the numbers are SF-corrected. An implementation of such a strategy, with a high degree of coordination with roads, would seem to be a good option when considering sustainability impacts over the life cycle of the pipes, which includes that long-term aspect so often neglected in urban water management. There are, however, many instances where the use of no-dig is necessary and has significant benefits compared to replacement. Such instances are areas with a high density of industries and businesses, like city centres, or areas where pipes are under buildings or cross under roads or rivers. Additionally, in situations where either the water or the sewer pipe has been renewed independently of the other pipe, meaning their ages differ by more than a few years, it might be more reasonable to use no-dig on the pipe in need of renewal. In instances where intervention is necessary, but where the utility is restrained by a limited budget, the use of no-dig can be preferred due to its low short-term costs. The choice of rehabilitation approach must, therefore, be accommodated to the local situation. Based on the results of the case study, we have compiled a short list of recommendations for the planning of the rehabilitation strategy in the case study utility. This list is given in the conclusion as a final 'take-home' message.
Another issue of high importance comes into play: the so-called SUWM (sustainable urban water management) principle, which has been critically reviewed in Marlow et al. [2] . The paper addresses a range of concepts that have gained traction through the dawn of SUWM. A central concept is the idea of lock-in effects, which is the institutional and technological path dependency to certain technological solutions through widespread implementation [2] . The lock-in effect of past technologies have made the like for like renewal of pipes the normal approach, where solutions outside of replacing or renovating network pipes are disregarded due to scepticism to new and untested solutions, and due to fear of failure. The water managers are, in such instances, entrapped by historical and existing technologies [48] , which often locks out innovative and perhaps more sustainable solutions [2] . The use of no-dig methods shortens the time of entrapment since they require less investment and have a shorter expected lifespan than replacement technologies. High investments increase the intensity of the entrapment as it locks the money into systems expected to operate long into the future. Although coordination practices of replacement score well in the SF-corrected cost calculations, these approaches do have an extended lock-in effect and can, thus, complicate and decelerate the transition into more sustainable solutions. The use of no-dig is, therefore, recommended in areas that are expected to be transformed into decentralized urban water systems within the next 50 years.
The normal approach in managing the urban water systems is, therefore, the use of legacy technologies, which can be understood as the further use of inherited and conservative systems and technologies, without much consideration of new, but sometimes radical, solutions. The challenge of implementing new approaches, like decentralized system solutions, is that they will seem too radical if implemented too fast without any extensive testing. That is also why Marlow et al. [2] have suggested a gradual implementation of SUWM principles together with the further use of legacy technologies into a gradual change referred to as system hybridization. In such a hybridization process there is a need for legacy systems renewal, and for new systems implementation. Even in new system implementations there will be need of the knowledge gained from legacy systems and their existing infrastructure, as the decentralized systems still need many of the same concepts as the legacy systems. In decentralized systems there is a need for scaled-down versions of legacy technologies, e.g., small treatment facilities and smaller pipe distribution systems. Re-use of existing infrastructure is also key in establishing sustainable decentralization systems. There is, therefore, a technology and knowledge transfer from the legacy systems in this process.
When a utility is planning strategic level measures, it is natural that they should start by assessing different solutions based on area specific needs. Every area of a city has their own challenges and their own needs and should be assessed individually with regards to their specific metrics. Based on the metrics, the challenges and the needs, a solution is suggested based on either (i) continuing maintaining legacy systems; (ii) partly implementing SUWM technologies through a hybridization process; or (iii) completely rebuilding the area system with SUWM principles and technologies. This process is illustrated with Figure 4 , which illustrates the steps of the long-term decision-making process for implementing sustainable solutions. Discussions about the most sustainable solutions for a water utility should, therefore, be taken at level 1 in the figure, where discussions about long-term technological solutions, approaches, and principles are initiated. The most sustainable path should be decided locally based on geography, population, social state, economy, state of existing network, local challenges, etc. Discussions about the continued use of legacy systems or introduction of SUWM principles should be initiated and decided at this level.
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At level 2 the discussion should revolve around the split between 100% implementation of SUWM principles, which involves extensive rebuilding of the system, the hybridization process, and the further use of legacy systems. In the case where solutions (i) or (ii) are chosen as the most suitable, the proposed process in this paper can be used to assess the most sustainable rehabilitation of the legacy systems. In case (i) the whole of the system will be preserved, and a plan for area-wide rehabilitation can be prepared. In case (ii) there is a need to decide the extent of the implementation of SUWM technologies before a rehabilitation plan for the remaining legacy systems can be proposed. In this rehabilitation plan the proposed method can be applied. In case (ii), and possibly even in case (iii), legacy systems should be re-used to ensure reduced costs and reduced environmental impacts. This means that some of the existing pipe systems in the ground, pumps etc. can be used to fulfil the purpose of a decentralized system. In the case where legacy systems are preserved and re-used for this purpose, the process described in this paper can also be used to determine the best available rehabilitation strategy.
At level 3, a rehabilitation plan can be proposed for the piped system. Observe that at this level, there is a re-emergence of rehabilitation need arising from the SUWM systems. This need is represented by pipes installed within SUWM systems that in the future will have to be rehabilitated. SUWM systems will in most cases be miniature versions of legacy systems combined with new technologies. Pipes will, therefore, in most cases, also be needed within the SUWM systems. The proposed methodology is, therefore, not focused on rehabilitation of legacy systems, but it is focused on rehabilitation of piped systems, be it pipes within legacy systems, within hybrid systems, or within future SUWM systems. At level 2 the discussion should revolve around the split between 100% implementation of SUWM principles, which involves extensive rebuilding of the system, the hybridization process, and the further use of legacy systems. In the case where solutions (i) or (ii) are chosen as the most suitable, the proposed process in this paper can be used to assess the most sustainable rehabilitation of the legacy systems. In case (i) the whole of the system will be preserved, and a plan for area-wide rehabilitation can be prepared. In case (ii) there is a need to decide the extent of the implementation of SUWM technologies before a rehabilitation plan for the remaining legacy systems can be proposed. In this rehabilitation plan the proposed method can be applied. In case (ii), and possibly even in case (iii), legacy systems should be re-used to ensure reduced costs and reduced environmental impacts. This means that some of the existing pipe systems in the ground, pumps etc. can be used to fulfil the purpose of a decentralized system. In the case where legacy systems are preserved and re-used for this purpose, the process described in this paper can also be used to determine the best available rehabilitation strategy.
At level 3, a rehabilitation plan can be proposed for the piped system. Observe that at this level, there is a re-emergence of rehabilitation need arising from the SUWM systems. This need is represented by pipes installed within SUWM systems that in the future will have to be rehabilitated. SUWM systems will in most cases be miniature versions of legacy systems combined with new technologies. Pipes will, therefore, in most cases, also be needed within the SUWM systems. The proposed methodology is, therefore, not focused on rehabilitation of legacy systems, but it is focused on rehabilitation of piped systems, be it pipes within legacy systems, within hybrid systems, or within future SUWM systems.
Further Work
The main weaknesses of the presented method in the case study is listed and discussed in Section 4.1. One aspect not mentioned in the case study is adaptation to a changing climate, population growth, new or changed regulations, new public demands, etc. These aspects are external factors which might impact the urban water systems. They are related to the uncertainty of the future and should be part of long-term planning when assessing future rehabilitation and investment needs. A changing climate can, for example, affect the expected service life of pipes, or can influence decisions regarding which solutions to implement, especially related to the question of whether to implement SUWM solutions, or to further maintain and operate legacy systems. Adaptation to a changing climate or any of the other mentioned factors can, therefore, be a driver for rehabilitation. Proponents of SUWM solutions often claim that these systems are more capable of handling the uncertainty related to climate change and population growth, and are, thus, thought to be more resilient and robust. Zischg et al. [49] presents a case study which shows that hybrid systems are more robust in terms of handling future uncertainty than traditional legacy systems. Building robust systems with regards to change caused by climate change, urbanization, or any other factor will facilitate future adaptation. Robust systems can be produced through consideration of uncertainties. Scenario planning has become relevant in reducing long-term uncertainty in urban water planning. In Bruaset et al. [50] , relevant uncertainties are discussed and the multiple scenario planning approach is presented for an urban water system through a case study. The paper shows how uncertainty is not reduced, but embraced through the use of scenarios. Zischg et al. [49] criticizes the conventional use of a few scenarios due to them 'being highly dependent on the quality of their assumption', and produces a robustness analysis approach based on the info-gap decision theory, producing a multi-stage design scheme to further improve analysis under deep uncertainty. Manocha and Babovic [51] introduces the concepts of adaptation tipping points and adaptation pathways coupled with cost benefit analysis in order to increase the robustness of long-term adaptation planning. The process is based on seven steps, whereby interventions and scenarios are set up before adaptation tipping points are calculated and adaptation pathways are developed. The final stage is an evaluation and selection of the most robust pathway. Adaptation tipping points represent boundary conditions where specified intervention will no longer be able to perform as necessary and are, thus, a measure for rejection. Roach et al. [52] evaluate a robustness model approach (info gap) vs. a robustness algorithm approach (robust optimization) under deep uncertainty. The paper analyses a case study with the aim of optimizing the product of 'maximization of robustness' and 'minimization of costs'. All of these approaches are examples of how robustness of the approach presented in this paper can be improved under future uncertainty. The methods can be used to assess the development of factors into the future, and review how they might impact the deterioration and robustness of urban water systems.
For the methodology underpinning the calculation of the SF factor, the main weakness is the calculation of the survival functions themselves. Before any calculation of LCF or SF, we first had to calculate the Herz functions, and then calculate the integral of these functions. The calculations of the Herz functions were based on the gathering of expert knowledge and the gathering of 10 years of experience of applying survival functions in Norway. Ranges of data for the different cohorts were then used in order to calculate an average survival function for each cohort based on specific data from the Norwegian water sector. The survival functions were, therefore, based mainly on expert knowledge, but also on some basic data analysis. This is in contrast to the process applied in Scholten et al. [53] , where expert knowledge is combined with data analysis in a Bayesian process in order to calculate survival functions. This is a way of improving service life modelling under data scarcity. The method is a way of countering left truncation and right censoring of historical data, which involves a probable construction of data for survival functions outside of the historical observation window (period of time when decommissioning ages of pipes are recorded) of service lifetimes. Large et al. [54] explain the concepts of left truncation and right censoring, and propose a method to correct historical data for these concepts based on an extensive process to build an empirical Turnbull survival function. Bruaset et al. [42] propose a method to improve survival functions, as opposed to the other methods, which includes a way of adapting survival functions to historical and desired future service levels in the network. These three papers present different approaches to calibrate survival functions with historical data, and thereby reduce uncertainty in modelling survival functions. Neither of the presented processes were applied when calculating survival functions in this paper, as these survival functions were based on years of experience and expert knowledge, and some simple data analyses. Any follow-up work should include calibration of the survival functions, with any of the presented or similar methods, as a way of further improving the accuracy of the SF numbers.
Some Thoughts around Data Needs for Analysis
There are two aspects to look at when assessing data need and data quality: (A) data needed to build the SF factors, and (B) data needed to analyse different rehabilitation approaches. In the following we will first discuss part A, and follow up with a discussion on part B.
Data for Building SF Factors
The SF factors are based on the calculation of the integral of the Herz functions. The first step is, therefore, to build the Herz functions. There is actually no need for data in order to build the Herz functions as they can be based on assumptions about the expected service lives of pipes. These assumptions can be based on expert knowledge and on the experience of the local managers and engineers. Based on this knowledge, survival functions can be estimated for the rehabilitation methods presented in the beginning of Section 3. How to build up Herz functions and how to estimate the a, b, and c values of the function is described in detail in Bruaset et al. [42] . The calculation of SF factors can, therefore, be done without any available data. Even if no expert knowledge and little local experience exist on service life expectancy, estimation of survival function values used in other similar water utilities can be used.
In order to take the next step of SF calculation, a calibration of survival functions (as discussed in Section 5.1) can be used to improve accuracy of the Herz functions. In order to calibrate the Herz functions with the suggested method in Bruaset et al. [42] , a water utility should have registered the age (installation year and decommissioning year gives us age) of decommissioned pipes at decommissioning for at least 10 years. In addition, the utility should have at least 3 to 5 years of data on failure rates and rehabilitation rates of water pipes (blockage rates can be used for wastewater pipes). The installation year of most of the pipes currently in operation is also necessary. If this data is available, the SF factors can be adapted to the locally-expected service lives of the rehabilitation methods. For most utilities, there might be little to no such data available for no-dig methods. We do, however, expect this data to be more available in the coming years and decades as no-dig methods now have been applied for quite some time.
In order to calculate coordination with roads it is necessary to know the survival curves for the renewal of roads. This means that it is also necessary to know about the service life expectancy of roads.
Data Needed to Analyse Different Rehabilitation Approaches
When you have calculated the SF factors with the data discussed in Section 5.2.1, it is possible to combine the rehabilitation methods in any desired way into more complex rehabilitation approaches. There is, therefore, no additional need of data for the SF factors. In order to run a CARE-W LTP to calculate future rehabilitation needs, there is need for the following data at the pipe level:
Construction year; -Material (and possibly diameter); and -Length.
Service life expectancy for existing cohorts of pipes in the network, as given in Table 4 , is also necessary. They can be produced in the same way explained in Section 5.2.1. The next step is to calculate the investment needs based on the rehabilitation needs. To do so it is first necessary to know the unit costs of the evaluated rehabilitation methods, as given in Table 5 . With this data it is then possible to calculate the TIC with Equation (7) (the results of which are shown in Table 7 ). The TIC is calculated with the annual rehabilitation needs, the unit cost of rehabilitation, and the SF factor for the given method. Values for inflation and discount rates should also be known.
It could be desired to look at the impact of a range of sustainability indicators besides costs. Such indicators could be CO 2 emissions, energy use, resource use, implications for local society, time used for rehabilitation, etc. In order to calculate these indicators it would be necessary to know the unit value for each of them related to the rehabilitation of one meter of pipe with a given rehabilitation method. This would make it possible to calculate the value of these indicators within the analysis period with Equation (7), where the unit cost of rehabilitation (C u X) is replaced with the unit value for CO 2 emission, energy use, resource use, etc. A long range of indicators could be calculated with this approach across the three sustainability dimensions, giving a water utility further basis to make decisions based on a comprehensive sustainability analysis.
Conclusions
In order to prepare the urban water systems for the vision of the cities of the future, and to prepare for external challenges like climate change and population growth, meticulous planning and management of the systems are needed on a broad scale. Identifying and implementing sustainable rehabilitation interventions, also in the long-term, is existential for the survival of a high service level urban water system. Different rehabilitation approaches have vastly different impacts on sustainability over their lifetime, which underscore the importance to consider the impact over their life cycles. In order to calculate the long-term sustainability impacts, a life cycle approach for rehabilitation approaches based on survival functions is presented. The approach makes it possible to compare methods with different service life expectancies by relating them to a reference value, given by the reference method. Thus, the long-term sustainability impacts and costs can be explored well beyond normal long-term projections. It is, therefore, the opinion of the authors that the SF factor will be of importance to understand the life cycle value and impact of rehabilitation approaches, projects, and strategies. Due to the varying degree of asset lives, also within homogeneous cohorts, it is difficult to analyse the life cycle of entire networks with a bottom up approach. A top-down approach (like survival functions) is an approach where the entirety of the varying degree of service lives of pipes are considered within the function and is, therefore, better suited to represent network and cohort level life cycle approaches.
The results chapter shows that the SF value for semi-and non-structural no-dig methods are high due to their shorter expected service life times. However, the case study shows that no-dig methods perform well in terms of costs despite being corrected for the SF factor. This can be contributed to their low installation costs, showing that there sometimes are benefits to using the shorter-lived approaches. The case study is meant to be viewed as an example on how the SF factor can be used for a single indicator, in this instance the indicator of 'total investment cost' over a master plan period. The SF factor can be used in the same way for any other sustainability indicator that a utility would like to assess, which includes environmental and social indicators. For example, by using the SF factor on an environmental indicator, such as CO 2 emissions, the calculation will show the performance of rehabilitation strategies in relation to each other with regards to emissions, when their life cycles are taken into consideration. As a final conclusion to the main findings of the paper, some important implications of the work presented in this paper are:
•
The SF factor corrects the life-expectancy performance of rehabilitation approaches so that they can be compared on equal grounds.
The SF factor is a way of handling and including life cycle analyses on whole network level modelling.
Inclusion of the SF factor in long-term planning eliminates long-term 'censoring' (meaning that we look at the whole life cycle, not just a part of it) of impacts and benefits of rehabilitation strategies and paves the way for a fairer comparison of rehabilitation approaches and strategies by moving performance assessment away from the normal short-term calculations.
The SF factors presented in this paper will help strategic asset management engineers to implement the most sustainable solutions by giving them a tool to compare both short-and long-term impacts of interventions.
The SF value corrects investment costs based on the lifetime expectancy of the rehabilitation approach. A low-cost solution may, therefore, not be the best investment in the long-term if its low lifetime expectancy is taken into consideration.
When the replacement of pipes is done in coordination with each other (water + sewer) and in coordination with roads, the SF-corrected costs is reduced significantly compared to the approaches in the case study where replacement is done with no coordination, despite the reduced expected lifetime of the water and sewer pipes when implementing coordination. This means that the reduced unit costs outweigh the reduced service life of the pipes. Furthermore, it means that coordination work has a positive effect on the economic sustainability of utilities that implement the traditional rehabilitation of legacy systems. Based on the results of the case study it is possible to make some general recommendations for the water utility in the case study in choosing the most economically sustainable rehabilitation strategy for their master plan period. The general recommendations to increase economic sustainability in the case study utility include:
